Abstract. Multi-site photoplethysmograph (PPG) recording enables researchers to study the vascular and hemodynamic properties of human subjects. Currently, there is no commercial system available in the market to perform either onechannel or multi-channel PPG recording. PPG is an optoelectronic technique that measures changes in blood volume associated with cardiac contraction. The measurements can be obtained from fingertips, ear lobes and toes due to their low absorption and high degree of vasculature. The main objective of this project is to develop a two-channel simultaneous PPG recording system to acquire PPG signals from two different physiological sites using a Nellcor equivalent PPG probe. MATLAB software was used during the development phase to ensure rapid prototyping. The experiment results show that there was no inter-channel delay in the developed two-channel PPG system. Our preliminary results show that the delays between the left and the right arm were from 4 to 12 ms in three healthy random subjects. The system is portable, powered by universal serial bus (USB) and allows the user to do the PPG data acquisition in a clinical setting.
Introduction
In recent years, the study of the cardiovascular system [1] - [4] of individuals from an early age has been given an increasing social importance. It has been demonstrated that most heart and vessel diseases are initiated either genetically or induced by lifestyle. Furthermore, ageing is a natural process in humans, which currently is heavily modified by environmental influences [1] . Therefore, the vascular age of an individual may differ from his or her chronological age. Ageing has been defined as a gradual loss of organ functions, especially in the cardiovascular system, where the major effect of ageing is a decrease of vessel compliance in the arterial system. According to the World Health Organization (WHO), cardiovascular diseases (CVD) were one of the top killer diseases in Malaysia during the year 2009 [5] . The main cause of CVD is atherosclerosis where fat or plaque is accumulating on the artery walls of blood vessels [6] . The accumulation of fat or plaque will cause the formation of lesions that eventually grow and thicken to narrow the arteries, which slows blood flow [7] , and finally the blood vessels will lose their rigidity and elasticity.
PPG is an optoelectronic method for measuring and recording changes in the volume of body parts such as fingers and ear lobes caused by changes in the volume of the arterial oxygenated blood associated with cardiac contraction [8] .
When light travels through biological tissue (earlobe, toe or finger), it is absorbed by different substances [9] . Primary absorbers are skin pigmentation, bones and arterial and venous blood. Arterial ageing and arterial disease influence the characteristics of the PPG pulse [10] . The simplest PPG probe consists of a light emitting diode (LED) and a photo-detector. The LED transmits light with an intensity that is proportional to the LED drive current. The photo-detector is usually a silicon photodiode that produces a current proportional to the incident light on it. Improved technology in photodiodes and LEDs allow the LED and photodiode to be small enough to fit in small fingertip probes. The probes can be of the transmission or the reflection type.
The PPG signal can be affected by various physiological factors, so analysis of the PPG signal can provide sufficient information about the individual's health condition and more specifically about cardiovascular performance [11] . The higher-frequency components (0.5 Hz-30 Hz) in PPG pulses from the left and the right side of normal subjects are highly correlated [12] . The results of this research show that pulse timing, amplitude and shape of the higher-frequency components of the PPG waveforms are similar at the right and the left side of the body in three different sites (fingers, toes and earlobes) since their anatomical structure is similar. Therefore, any difference in vessel properties can affect the time and shape of the rising edge (anacrotic phase) and falling edge (catacrotic phase) of the PPG signal, which can indicate pathological changes [12] , [13] . A time delay between PPG signals from the left and the right arm is evidence of an increase in vascular resistance. A delay between pulses from right and left toes in healthy individuals and patients with some occlusion in the leg has also been reported [3] , [13] , [14] . This delay was found to be 20 to 80 ms for patients with arterial stenosis in one leg [14] . This group also had an increased pulse wave transit time (PWTT) due to higher vascular resistance. The PWTT is the time for a pulse to travel between two artery sites. The speed at which the arterial pressure wave travels is directly proportional to the blood pressure. An acute rise in blood pressure causes the vascular tone to increase and the arterial wall to become stiffer, and shortens the PWTT.
The main problem with multi-site PPG is the data acquisition process. This instrument has always been custom-made, application specific and developed by the researchers [3] , [12] , [15] , [16] . Normally, rapid prototyping tools and a data acquisition system such as Virtual Instrumentation (National Instruments Corp.) are used to fabricate a multichannel PPG system [12] , [16] . This laboratory prototype is suitable for research purposes but not for commercialization or clinical trials. Furthermore, no such commercial devices are available in the market and if they exist it is only as an option for the device. Until now, the acquisition of two-channel PPG signals has been done using two independent PPG systems, a synchronization system and a personal computer [15] . This introduces an uncontrollable artificial delay because the data acquisition is started manually. A possible solution is to use a Barker sequence code to synchronize the recorded PPG signals using offline signal processing [15] . The synchronization of multi-channel PPG signals ( Figure 1 ) may eliminate the unwanted delay in the PWTT but the apparatus of the recording signal is still complex and its mobility is limited [15] . In this research, a two-channel simultaneous PPG system was designed and developed to acquire PPG signals simultaneously from two physiological sites. The system simplifies the PPG data acquisition process by using a 16-bit twochannel analog-to-digital converter (ADC). It digitizes and samples the PPG signals simultaneously from two different physiological sites, namely, the index finger of the left and of the right hand. Both signals will then be transferred to a personal computer via USB for further analysis using MATLAB (The MathWorks, Inc.).
Material and Methods

Analog Design
A basic block diagram of the two-channel PPG system is shown in Figure 2 . It consists of an analog and a digital design. In the analog design, the PPG signals are obtained by using two PPG probes (DS-100A, Covidien). The infrared LED (910 nm) is driven by a LED driver (LT1932, Linear Technology Inc.) at 100 mA. The main function of the LED driver is to maintain the intensity of the infrared LED in the probes so that the intensity is not affected by the power supply. The light is transmitted through the finger and detected by the photodiode located at the opposite side of the LED. A trans-impedance amplifier (OP474) is used to convert the detected current into voltage. The unwanted high frequency noise in the PPG signal is eliminated using a second-order Sallen Key lowpass filter with a cutoff frequency of 10 Hz at -3 dB. The cutoff frequency of 10 Hz was chosen considering the frequency content of the PPG signal (0.6-30 Hz) and because it is far removed from the 50 Hz power line noise, even at the transition band (Figure 3) . The presence of the 50 Hz power line noise does affect data visualization during data acquisition.
Digital Design
In the digital design, the analog PPG signal is converted into digital format using a 16-bits dual channel ADS8361 ADC. One of the applications of this instrument is to detect changes in vascular stiffness. The physiological delay between two physiological sites in healthy subjects is normally below 20 ms [11] . The PPG signals from the left and the right index finger are sampled at 2 kHz so that the physiological delay can be observed. The sampling process is performed using simultaneous ADC sampling to avoid any artificial delay due to the sampling process.
The digitized PPG signal is sent to a 8-bits microcontroller (PIC18F2550) and communicates with a computer via USB. The role of the microcontroller is to control the ADC sampling process and get the data from the ADC. Subsequently, the digitized data are processed and sent to a computer using USB communication. The firmware was developed using C language and compiled using PICC (CCS-C, Inc). The USB driver was installed in the operating system to establish the communication between the microcontroller and the computer.
Data Acquisition Software
The graphical user interface (GUI) and signal processing of the system was developed using MATLAB R2012b (The MathWorks, Inc.). This GUI was used to display the acquired PPG signals and save them in a text file for preprocessing at a later stage. The PPG signals were plotted in real-time for viewing and signal quality control.
A digital signal processing algorithm was developed to pre-process the PPG signals ( Figure 3 ). This algorithm consists of channel separation, detrending, band-pass filter, scale-to-one and finally determination of the physiological delay using the cross-correlation method.
The serial data transfer protocol was used to transfer the digital data from the ADC to the microcontroller. Therefore, a channel separation algorithm is needed to separate the acquired signals into two-channel PPG signals.
Subsequently, the linear trend of the PPG signals is removed by detrending the input signal, i.e. the mean value is subtracted from the data.
The signal is further processed to remove the effect of the respiratory rhythm and higher frequency disturbance by applying a band-pass filter at a frequency range of 0.6-15 Hz. This is an effective spectrum for PPG signals used for physiological signal modeling. The band-pass filter is a custom-designed digital filter using the Fast Fourier Transform method. The unwanted frequency band is masked with zeroes before performing the Inverse Fast Fourier Transform to reconstruct the time-domain PPG signals. The pre-processed signal then undergoes a scale-to-one process where the signal is normalized to unity (range 0 to 1). The cross-correlation function of MATLAB is used to determine the time delay between the PPG signals acquired from the left and the right arm in 5-second blocks. The estimated delay is given by the negative of the lag for which the normalized cross-correlation has the largest absolute value. 
Results and Discussions
Two-Channel PPG Recording System
The schematic of the two-channel PPG recording systems is shown in Figure 4 . This was turned into a double-layer printed circuit board (PCB). In this system, the PCB board was partitioned into an analog and a digital section to avoid interference of analog and digital signals. The digital logic ground currents remain in the digital section and will not interfere with the analog currents.
Besides that, the location of the passive components could also affect the noise level. For example, the decoupling capacitor should be placed as near as possible to the integrated circuit (IC) to effectively reduce the noise in the circuit. Figure 5 shows the final prototype of the two-channel PPG system. This system comprises of two probes and a data acquisition module. Its power source is the USB port and it communicates with the computer using high speed (12 Mbps) USB communication.
Figure 5
The schematic of the two-channel PPG. The frequency response of the second-order low-pass filter is shown in Figure  6 . Note that the response in the passband was flat with no ripple. The power roll-off approaches 36 dB per decade in the limit of high frequency. This filter design effectively attenuated the power line noise at 50 Hz.
Figure 7
Second-order Sallen Key lowpass filter frequency response.
Graphical User Interface (GUI)
When the user starts the program, a message box is prompted to remind the user to attach the PPG devices before starting the data acquisition. A real-time plot of the two-channel PPG signal is shown in Figure. 7. Figure 8 shows the acquired two-channel PPG signal. Channel 1 is shown in Figure 8 (top) and channel 2 is shown in Figure 8 (bottom). Since the PWTT calculation is beyond the scope of this discussion, its results will not be presented here. Simultaneous Photoplethysmography Recording System 179 
Two-Channel Simultaneous PPG Recording Test
To test the two-channel simultaneous PPG recording system, a sine wave with a 1 Hz frequency and a 1 Vpk-pk was generated using a function generator. It was connected to two ADC inputs and sampled at 2000 kHz ( Figure 9 ). In this experiment, the test frequency was 1 Hz because this is close to the human heart rate frequency. Note that the noise arising from the ADC switching effect was not visualized after pre-processing. However, the peaks arising from the ADC switching are undesired and will affect the accuracy of the results if the problem remains unsolved. The delay estimation using the cross-correlation technique showed that there was no inter-channel delay between the test signals. The result showed that both channels were simultaneously recorded with the ADC. During the data acquisition session, the subjects were asked to abstain from consuming food, alcohol and caffeine for at least 4-6 hours prior to the experiment to avoid the vasodilation effect from these substances. Upon arrival, the subjects were asked to rest for 10 minutes to ensure a stable pulse during the data recording session. Figure 10 shows the two-channel PPG signal acquired from the left and the right index finger of a healthy subject using the developed PPG system. The preliminary results show that the delay between the left and the right arm ranged from 4 to 12 ms in three healthy random subjects. However, the analysis of the PWTT for cardiovascular risk assessment needs more clinical data and medical records for validation.
Besides that, power management is an important issue because the maximum power that can be sourced from the USB is 500mW. This can only be achieved if there is no sharing of the same USB port. Another observation was that the acquired PPG signals were noisy. This was due to the switching effect of the ADC. The ADS8361 is a successive approximation (SAR) ADC architecture. The switching effect can be eliminated by either replacing it with a delta sigma ADC architecture or adding an analog front-end circuit to the system. 
Conclusions
In this project, a two-channel simultaneous PPG recording system was successfully designed and developed. It is portable, powered by USB port and allows users to do data acquisition in a clinical environment. The crosscorrelation technique was used to estimate the delay between both channels. The sine wave experiment showed that there is no inter-channel delay in the system. Our preliminary results showed that the delay between the left and the right arm was from 4 to 12 ms in three healthy random subjects. However, medical data are required to validate these results and more data need to be acquired to establish the method for cardiovascular risk assessment.
One of the problems observed during the development of the system was the noise problem resulting from the ADC switching effect. As for future work, the system can be improved by using a proper ADC or an analog front-end circuit to avoid this switching effect. The GUI can be improved by adding extra functions such as the determination of the CVD risk. Furthermore, a graphical LCD display can be added to show the CVD risk to the users. This device can be further developed into a cardiovascular risk assessment system for community health screening.
